M edication nonadherence has been recognized as a major barrier to disease treatment and contributes to disease progression, death, and increased health care costs in the United States.
1 Medication nonadherence in patients with chronic conditions is common, with rates across studies averaging 50% and higher. [2] [3] [4] [5] Moreover, an association between low medication adherence and increased risk of adverse clinical outcomes has been reported among patients with diabetes mellitus, hypertension, coronary artery disease, heart failure, and HIV. [6] [7] [8] [9] [10] It is estimated that more than 26 million individuals in the United States have chronic kidney disease (CKD). 11 The progression of CKD to end-stage renal disease (ESRD) is associated with high rates of morbidity and mortality and increased health care costs. 12 Despite the magnitude of this problem and evidence suggesting that risk factor control is an important determinant of CKD progression, 13 very little is known regarding the impact of medication adherence on CKD progression. To address this knowledge gap, we used data from the prospective Chronic Renal Insufficiency Cohort (CRIC) Study to evaluate the association of self-reported medication adherence with CKD progression and all-cause death. We hypothesized that low medication adherence would be associated with higher risk for CKD progression among persons with CKD.
METHODS

Study Participants
The CRIC Study is an ongoing multicenter, prospective, observational study of risk factors for CKD and cardiovascular disease progression. The design, methods and baseline characteristics of study participants have been previously described. [14] [15] [16] From 2003 to 2008, the study recruited 3939 adult participants aged 21 to 74 years with an estimated glomerular filtration rate (eGFR) of 20 to 70 ml/min per 1.73 m 2 at 7 clinical centers in the United States. Exclusion criteria included individuals unable to provide consent, institutionalized, pregnant, and with certain severe chronic conditions.
14 Self-reported medication adherence was evaluated at the year-1 study visit, which was considered to be the baseline for this study. Figure 1 delineates the derivation of the study population. The study protocol adhered to the Declaration of Helsinki and was approved by the institutional review boards of participating centers. All participants provided written informed consent.
Measurements
Information about sociodemographic variables, medical history, psychosocial factors, and medications were obtained by self-report. Height, weight, and waist circumference were measured. 15 Body mass index was calculated as weight in kilograms divided by height in meters squared. At each annual clinic visit, 3 seated blood pressure (BP) measurements were obtained using a Tycos Classic Hand Aneroid cuff and sphygmomanometer (Welch Allyn, Skaneateles Falls, NY) following a standardized protocol. The mean of all BP measurements was used as the BP value for that visit. Hypertension was defined as mean BP $ 140/90 mm Hg or use of antihypertensive medication. Hemoglobin A1c (HbA1c) was measured using highperformance liquid chromatography (BioRad, Hercules, CA). Diabetes was defined as fasting plasma glucose of $126 mg/dl or use of insulin or oral hypoglycemic medications. Depressive symptoms were assessed using the Beck Depression Inventory-II (BDI), and a score of $11 was considered to be indicative of clinically meaningful depressive symptoms based on a recent study in CKD patients. 17 GFR was estimated annually using a CRIC-specific equation. 18 A 24-hour urine sample collected at study entry was used to measure urine protein and creatinine.
Predictor
Medication adherence was assessed based on the responses to 3 questions as follows: (i) "In the past week, how many days did you forget to take a pill?" (ii) "In the past week, how many days did you not take a pill on purpose?" (iii) "In the past week, how many days did you add an extra pill?" 19, 20 The 3 possible responses to each question were: 0 days, 1 day, and 2 days or more. These 3 items were used in a study by Choo et al. 19 Because this is not a validated questionnaire and there is no scoring system for these items, we derived our own approach to scoring. We ranked forgetting to take a pill as the least significant form of nonadherence, and purposefully not taking a medicine or adding a medication as the most significant forms of nonadherence, based on a prior study that used a modified version of these questions. 20 We divided the score into 3 adherence categories: high, medium, and low. Individuals with a response of "0 days" to all 3 items were categorized as high adherence; individuals reporting only forgetting a pill at least 1 day in the past week were categorized as medium adherence; and individuals who reported purposefully adding or missing a pill 1 day or more in the past week were categorized as low adherence. 
Outcome Assessment
The primary outcomes for this study were (i) CKD progression, defined as 50% decline in eGFR from baseline or occurrence of ESRD (i.e., receipt of longterm dialysis therapy or kidney transplantation); and (ii) death from any cause. As secondary outcomes we also evaluated the following: (i) eGFR slope; (ii) baseline systolic BP > 140 or diastolic BP > 90 mm Hg; and (iii) baseline HbA1c > 7%. Ascertainment of ESRD was by self-report every 6 months and supplemented by crosslinkage with the US Renal Data System. The outcome of all-cause death was ascertained from reports of next of kin, death certificates, hospital records, and linkage with the Social Security Death Master File. Participants were followed up until the occurrence of death, withdrawal from study, or March 2016, when the database was locked for analysis.
Statistical Analysis
Descriptive statistics were used to summarize baseline participant characteristics using mean AE SD or median and interquartile range (IQR) for continuous variables, and frequency distribution and percentage for categorical variables. Baseline characteristics were compared between groups using a t test or analysis of variance accordingly. A 2-sided P value of less than 0.05 was considered statistically significant. There were 432 participants who had missing data for at least 1 covariate (260 urine protein, 129 health insurance, 37 BDI, and 6 other). Therefore, missing data were imputed using multiple imputation with 10 iterations. Cox proportional hazard regression analyses were used to estimate hazard ratios for CKD progression and allcause death with corresponding 95% confidence intervals (CI) by adherence status. The high adherence group served as the reference category. We fitted models that adjusted sequentially for potential explanatory variables for the outcome. b-blocker, and statin), number of medications types per day, and Beck Depression InventoryÀII score. Multivariable logistic regression was used to evaluate the cross-sectional association between adherence and baseline BP > 140/90 and HbA1c. In addition, we evaluated the association between level of adherence and eGFR slope using linear mixed-effects regression models. All analyses were performed using SAS version 9.3 software (SAS Institute, Cary, NC).
RESULTS
Baseline Characteristics by Adherence Category
The mean age of the participants was 59 years; 45% were women; 49% had diabetes; the mean eGFR was 42 ml/min per 1.73 m 2 ; the median proteinuria was 140 mg/d; and participants reported taking a mean of 9.4 different medications. Of the 3305 participants, 2258 (68%) were categorized as having high adherence, 570 (17%) as having medium adherence, and 477 (15%) as having low adherence ( Table 1 ). The distribution of responses for each adherence question is detailed in Supplementary Table S1 . As compared to the highadherence group, individuals categorized as having low adherence were significantly more likely to be younger, female, non-Hispanic black or Hispanic, single, and with lower socioeconomic status. In addition, the low-adherence group was more likely to have diabetes, BP $ 140/90, higher body mass index, lower eGFR, higher proteinuria, higher Beck Depression Inventory scores, and to be taking a greater number of medication types. Overall, a similar pattern was observed when comparing the medium-adherence group to the high-adherence group.
Outcomes
Over a median follow-up of 6 years, participants experienced 969 CKD progression events, and there were 675 deaths. Of note, there was a graded increase in event rates for CKD progression across the categories of adherence from high to low (5.82, 6.48, and 9.52 per 100 person-years, respectively) ( Figure 2 ). The corresponding rates of all-cause death were 3.08, 2.97, and 3.99 per 100 person-years, respectively.
As compared to the high-adherence group, the lowadherence group experienced a significant increased risk for CKD progression (adjusted hazard ratio [HR] ¼ 1.27, 95% confidence interval [CI] ¼ 1.05, 1.54) ( Table 2 ). The risk for adverse outcomes was not significantly increased for the medium-adherence group. In multivariable analysis, compared to high adherence, low adherence was associated with a higher rate of eGFR decline over time (mean difference of À0.43 ml/min per 1.73m 2 per year, P < 0.001) and the medium-adherence group with a similar rate (0.04 ml/min per 1.73 m 2 per year, P ¼ 0.56). There was a nonsignificant trend for higher risk of death in the lowadherence group (adjusted HR ¼ 1.14, 95% CI ¼ 0.88, 1.47). On cross-sectional multivariable regression analysis, compared to high adherence, neither medium nor low adherence was associated with baseline 
DISCUSSION
In the largest study to examine the association of medication adherence with CKD progression in the United States, we found that approximately one-third of individuals reported suboptimal medication adherence. Moreover, low medication adherence was associated with an increased risk for CKD progression. These findings suggest that low medication adherence is an underrecognized but important risk factor for CKD progression.
It has been well established that low medication adherence is associated with increased risk of adverse clinical outcomes among non-CKD patients with other chronic diseases such as diabetes mellitus, hypertension, coronary artery disease, heart failure, and HIV. [6] [7] [8] [9] [10] 21 For example, Gehi et al. found self-reported medication nonadherence to be associated with more than a 2-fold increased risk for cardiovascular events among patients with stable coronary artery disease. 21 However, the impact of medication adherence on outcomes has not been comprehensively evaluated in the CKD population, despite the fact that CKD patients have multiple comorbidities requiring complex medication regimens. 22, 23, 24 Others have reported a similar prevalence of nonadherence in CKD populations. In the Reasons for Geographic and Racial Differences in Stroke Study (REGARDS), self-reported medication nonadherence was present in 27.7% of individuals with CKD and was associated with increased odds for uncontrolled hypertension. 25 In another recently published crosssectional analysis of CKD patients, Hsu et al. found lower medication adherence in approximately 50% of participants, which was associated with a higher prevalence of adverse safety events and potential medication-related dosing problems. 20 Furthermore, we found that individuals with low adherence were more likely to be racial/ethnic minorities, have more co-morbidities, and have more symptoms of depression, suggesting that clinicians may need to be more vigilant in the assessment of adherence in patients with these characteristics.
There have been very few studies evaluating the impact of medication adherence on outcomes in CKD patients. In a large population-based study of more than 180,000 hypertensive patients living in Quebec, Roy et al. found that medication nonadherence assessed using pharmacy records was associated with an increased risk of ESRD, but in sensitivity analyses this association was not significant in CKD patients. 26 In contrast, a recent study that included 332 Stage 3 to 4 CKD patients in Thailand found that low adherence was associated with increased risk for CKD progression. 27 Our results reinforce the findings of this study in a larger diverse U.S. cohort.
In contrast to our findings regarding CKD progression, we observed a trend for higher risk of death in the low-adherence group that was not significant. The reasons for this null finding are unclear. A previous meta-analysis by Simpson et al. in non-CKD populations included several studies which similarly reported nonsignificant associations between low adherence and mortality. 7, [28] [29] [30] However, the combined data used for the meta-analysis revealed a significant association to be present, suggesting a lack of power in the individual studies. 28 Our findings suggest that the effects of low medication adherence observed in other populations can be extended to the CKD population. CKD patients have multiple comorbidities that require pharmacologic management for control. In particular, hypertension control and use of reninÀangiotensinÀaldosterone system blockers have a major impact on slowing CKD progression. 13 In addition to the findings from the REGARDS study discussed earlier, 25 a recently published study using data from the African American Study of Kidney Disease and Hypertension (AASK) reported that lower medication adherence was associated with higher systolic blood pressure visitto-visit variability, 31 a factor that is associated with increased risk for cardiovascular events and death. 32 In addition to the association of adherence with disease control, it has also been suggested that individuals who report adherence to medications may engage in healthier behaviors. 28 This concept has been termed the "healthy adherer" effect and is supported by the consistent association between nonadherence to placebo and adverse outcomes in clinical trials. 33 We found that individuals with intentional nonadherence (purposefully missing or adding a pill) were particularly at increased risk for CKD progression. Others have also found a strong association between intentional nonadherence and adverse outcomes. As described earlier, Hsu et al. found that this type of nonadherence was associated with an increased risk for adverse safety events and potential medication-related dosing problems. 20 Similarly, in a population of Korean Americans with hypertension, intentional nonadherence was more strongly associated with uncontrolled hypertension than unintentional nonadherence. 34 Distinguishing between intentional and nonintentional nonadherence may help in the clinical approach to nonadherence. 35, 36 Intentional nonadherence is proposed to be influenced by the balance of an individual's reasons for and against taking medication. 35 To effectively address this type of nonadherence, one must take into account an individual's perceptions (e.g., regarding medication side effects), beliefs, and knowledge. 37 Our study has several strengths, including the large and diverse sample, prospective design, long-term follow-up, and detailed characterization of a wide range of patient features. However, some limitations must be considered. First, the measurement of medication adherence was assessed by self-report, which is known to have low sensitivity and to underestimate nonadherence. 2, 38 However, currently there is not a gold standard to assess medication adherence, and even objective measures of adherence have significant limitations. 1, 39 Furthermore, self-report has been found to have a high negative predictive value, performs as well as other objective measures of adherence, and is practical, less intrusive, and cost-effective.
1,2,38,39 Another significant limitation was that the study did not use a validated adherence instrument. For this reason, we had to derive our own approach to scoring. In addition, several factors that may influence medication adherence including self-efficacy, disease knowledge, and medication side effects were not assessed. Finally, our findings are subject to residual confounding and bias that may occur in observational studies.
In conclusion, in this study, self-reported medication nonadherence was highly prevalent and more common in racial/ethnic minorities and individuals with greater comorbidity burden. Furthermore, we found that low medication adherence was an independent predictor of CKD progression. Our findings suggest that medication nonadherence may represent a modifiable risk factor for CKD progression. Future work is needed to understand and to develop effective interventions to improve adherence in the CKD population.
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